Accumulating evidence suggests that motor impairments are prevalent in autism spectrum disorder (ASD), relate to the social and communicative deficits at the core of the diagnosis and may reflect abnormal connectivity within brain networks underlying motor control and learning. Parcellation of resting-state functional connectivity data using spectral clustering approaches has been shown to be an effective means of visualizing functional organization within the brain but has most commonly been applied to explorations of normal brain function. This article presents a parcellation of a key area of the motor network, the primary motor cortex (M1), a key area of the motor control network, in adults, typically developing (TD) children and children with ASD and introduces methods for selecting the number of parcels, matching parcels across groups and testing group differences. The parcellation is based solely on patterns of connectivity between individual M1 voxels and all voxels outside of M1, and within all groups, a gross dorsomedial to ventrolateral organization emerged within M1 which was left-right symmetric. Although this gross organizational scheme was present in both groups of children, statistically significant group differences in the size and segregation of M1 parcels within regions of the motor homunculus corresponding to the upper and lower limbs were observed. Qualitative comparison of the M1 parcellation for children with ASD with that of younger and older TD children suggests that these organizational differences, with a lack of differentiation between lower limb/trunk regions and upper limb/hand regions, may be due, at least in part, to a delay in functional specialization within the motor cortex.
Introduction
Autism is a pervasive developmental disorder characterized by deficits in social cognition, disordered communication, restricted interests and repetitive behaviors [American Psychiatric Association, 1994] . In parallel to the social and communicative skill deficits at the core of their diagnosis, children with autism spectrum disorders (ASDs) experience a host of motor impairments, including deficits in basic motor control Noterdaeme et al., 2002; Teitelbaum et al., 1998 Teitelbaum et al., , 2004 as well as reduced postural stability [Fournier et al., 2010; Minshew et al., 2004] . Children with ASD also experience difficulty performing skilled motor gestures [Jones and Prior, 1985; Mostofsky et al., 2006; Rogers et al., 1996; Williams et al., 2001] and demonstrate abnormal patterns of motor learning [Haswell et al., 2009; Hughes, 1996; Mostof-sky et al., 2000; Rinehart et al., 2001 ].
Social and communicative competence depends on the mastery of skilled behaviors. In a developmental disorder such as autism, mechanisms vital to the acquisition of motor skills through repetition (procedural learning) may also contribute to the impaired development of social and communicative abilities [Mostofsky et al., 2000; Ullman, 2004] . Impaired performance of skilled, goal-directed movements has been found to correlate with measures of core social and communicative dysfunction in children with ASD Dziuk et al., 2007] . In addition, children with ASD have demonstrated excessive reliance on proprioceptive as opposed to visual input during motor learning, and this proprioceptive bias correlated with motor, as well as social, impairments in these children [Haswell et al., 2009] .
Given the link between early motor experiences and the emergence of social behaviors [Libertus and Needham, 2011] , it is not surprising that gross and fine motor delays may be among the earliest identifiable signs distinguishing infants with autism from their typically developing (TD) peers [Landa and Garrett-Mayer, 2006; Zwaigenbaum et al., 2009] . Recent findings also indicate that the clearest predictor of optimal outcomes in toddlers diagnosed with ASD may be motor skill assessment at 2 years of age [Sutera et al., 2007] . As such, careful examination of the neural underpinnings of motor development in children with ASD is critical to furthering our understanding of the disorder as well as to designing effective early interventions.
Emerging empirical evidence suggests that the difficulties with motor execution observed in ASD may reflect structural and functional abnormalities within brain networks underlying motor control and learning. Structural neuroimaging studies have reported an overgrowth of localized cortical connections in children with ASD [Herbert et al., 2004] . Specific to motor function, increased radiate white matter volume within the primary motor cortex (M1) has been shown to correlate with deficits in motor performance . Investigations of motor learning in ASD have revealed atypical involvement of components of the motor control network along different stages of learning, with comparatively greater MI recruitment during the later stages of learning in ASD [Muller et al., 2004] . Children with ASD have also demonstrated reduced functional connectivity (FC) compared with TD children within the motor control network during a finger sequencing task as well as reduced, intrinsic modulation of activity within the motor cortex [Oberman et al., 2005] .
The combined results from these prior studies suggest that autism may be associated with abnormalities in the structure and connectivity of the primary motor cortex; however, no study has examined differences in the functional organization of M1 in children with ASD. Recently, several groups have used patterns of correlations in spontaneous blood oxygenation level-dependent activity, referred to as resting-state FC, to localize functionally relevant subdivisions of anatomically defined regions [Cohen et al., 2008; Kelly et al., 2010; Kim et al., 2010; van den Heuvel et al., 2008] . Clustering algorithms partition FC data into natural subsets (parcels) such that observations assigned to one parcel are more similar to one another than they are to observations assigned to another parcel. By grouping together functionally coherent brain regions, clustering provides an approach to estimate functional organization within the brain; however, to date, clustering methods have not been used to investigate functional organization differences associated with neurocognitive disorders. Although numerous studies have used resting-state FC to investigate the motor control network as a whole [Beckmann et al., 2005; Damoiseaux et al., 2006; De Luca et al., 2006; van den Heuvel et al., 2008] , few studies have examined FC between subregions of the motor cortex with distinct motor functions, and none has examined this in autism.
Motivated by the utility of clustering methods in establishing functional organization, this study had two aims: (1) to parcellate a key area of the motor network, the precentral gyrus (corresponding to M1) in neurotypical adults and TD children and (2) to apply this approach to children with ASD to determine if the functional organization of M1 differs in children with ASD compared with TD children.
Materials and Methods

Participants
The Johns Hopkins Medical Institutional Review Board approved this study, and written informed consent was obtained from all participants or their legal guardians (in the case of children) before examination.
Children-Thirty-two children with a diagnosis of high-functioning autism or Asperger's syndrome (26 males) and 52 TD children participated in the study. All children were between 8 and 12 years of age. ASD participants met the Diagnostic and Statistical Manual of Mental Disorders Fourth Edition (DSM-IV) criteria for ASD [American Psychiatric Association, 1994] ; diagnosis was subsequently confirmed using both the Autism Diagnostic Observation Schedule-Generic (ADOS-G) [Lord et al., 2000] and the Autism Diagnostic Interview-Revised (ADI-R) [Lord et al., 1994] . Children with identifiable causes of autism (e.g., Fragile X syndrome) and known neurological disorders, including epilepsy, were excluded based on responses recorded from a standardized parent interview, the Diagnostic Interview for Children and Adolescents (DICA-IV) [Welner et al., 1987] . Intellectual functioning and basic reading abilities were assessed using the Wechsler Intelligence Scale for Children (WISC-IV) [Wechsler, 2003] . The Perceptual Reasoning Index (PRI) from the WISC-IV was used as the primary measure of intellectual functioning because recent evidence has suggested that perceptually based reasoning measures are more valid measures of intelligence in children with ASD than the more general Full-Scale IQ [Mottron, 2004] . Handedness was evaluated using the Edinburgh Handedness Inventory [Oldfield, 1971] . Comparisons of FC between TD children and children with ASD were performed using only 33 of the 52 TD children to balance age, gender, handedness, Hollingshead Socioeconomic Status (SES), and perceptual reasoning between diagnostic groups (Table I) .
Adult validation participants-Test-retest reliability imaging data from 20 healthy adult volunteers with no history of neurological conditions (10 males, 22-61 years old, righthanded) were also used in this study. Data from these adults have been previously reported [Landman et al., 2011] and are available from the Neuroimaging Informatics Tools and Resource Clearinghouse (http://www.nitrc.org).
Region of interest selection-The M1 region of interest (ROI) was selected from the "Type II Eve Atlas" [Oishi et al., 2009] and was transformed to MNI space using unified segmentation normalization in SPM 5 (Wellcome Department of Imaging Neuroscience); the resulting ROI was downsampled to 4-mm resolution to reduce computational demands and contained 2,318 voxels. The entire ROI was used for adult participants (Fig. 1) . For children, voxels that were not within the brain space of all participants were excluded from analysis.
Functional connectivity analysis-For each voxel within the M1 ROI, an FC map was generated by correlating the time course of the given M1 voxel with the time courses of all voxels within the brain, excluding other M1 voxels. These FC maps were then converted to Z-scores using the Fisher transform. Similarity of FC maps for every pair of voxels within the ROI was computed using η 2 [Barnes et al., 2010 [Barnes et al., , 2012 Cohen et al., 2008; Kelly et al., 2010 Kelly et al., , 2012 Nelson et al., 2010] , resulting in a square η 2 matrix. η 2 is the fraction of the variance in one FC map accounted for by the variance in a second FC map:
where a i and b i are the values at position i in the FC maps a and b, respectively. m i is the mean value of the two FC maps at position i and M̄ is the grand mean across all locations in both correlation maps. As outlined by Cohen et al. [2008] , the η 2 statistic may be more sensitive to differences in FC maps compared with other commonly used measures of similarity such as Pearson's correlation coefficient, which measures association not agreement. Suppose that the values of one correlation map, a, are a scalar of b (a i = b i × x). For any value of x < 0, the correlation between maps a and b will be −1, and for any x > 0, the correlation will be 1, even though the maps differ from one another at every point and for some x, will have η 2 values much less than one. Unlike the scale-invariant Pearson's correlation, η 2 will only equal one if two FC maps are identical at every point. For comparison, we replicated part of our analysis using Pearson's correlation coefficient as our measure of similarity and found that the results were robust to the similarity measure used (see Supporting Information Fig. S1 ).
Presuming a dimensionality of the number of clusters, k (estimation of k detailed below in section "Estimation of k"), spectral clustering [Zelnik-Manor and Perona, 2004] was applied to the η 2 matrix, which divided the ROI into k clusters. A binary adjacency matrix was then computed using the clustering results; each element of the adjacency matrix was assigned a one if the corresponding pair of voxels belonged to the same cluster and zero otherwise, resulting in a binary square matrix the same size as the η 2 matrix. Adjacency matrices were averaged across subjects to generate a consensus matrix for each group [Kelly et al., 2010] . Each element of the consensus matrix corresponded to the proportion of times a given pair of voxels was assigned to the same parcel across participants. Spectral clustering was reapplied to the group consensus matrices to yield group-level clustering results; this twolevel approach to clustering has been shown to produce group parcels that are more functionally homogeneous than group parcels produced by approaches that bypass participant-level clustering [Craddock et al., 2012] and minimizes the contribution of spurious individual variability [Kelly et al., 2012] . Figure 1 illustrates all participant-level processing steps and how data from individual participants were combined to produce group-level parcellation maps.
Estimation of k
To estimate the optimal number of functional parcels in which to divide the M1 ROI, we relied on scan-rescan reliability data collected from adults. For each of the two imaging sessions, consensus matrices were computed for a range of values of k (2-11), and then spectral clustering was performed on the consensus matrices to identify M1 partitions. The numbering of parcels by the clustering algorithm was arbitrary for each value of k; the partition labeled as "1" for session 1 did not necessarily correspond to the partition labeled as "1" for session 2. We devised a procedure to match parcels across groups by maximizing the average spatial similarity of all parcels between groups as defined by Dice's coefficient, a measure of set agreement or overlap [Dice, 1945] . After matching parcels across imaging sessions, we assessed the similarity of the cluster solutions generated for sessions 1 and 2 using Dice's coefficient for each value of k. We defined the optimal k to be the nontrivial (i.e., k > 2) clustering solution that demonstrated the highest scan-rescan Dice's coefficient. To assess the uncertainty in this estimate of the number of M1 partitions, we implemented a jack knife procedure. Group-level clustering was performed for each value of k 20 times, excluding test-retest data from one participant each time. Figure 2A illustrates the jack knife estimate and standard error of Dice's coefficient between sessions for each k as well as the observed Dice using test-retest data from all 20 participants. Although we acknowledge that there is clearly a lot of uncertainty in this estimate, we observed that searching for five parcels within M1 resulted in the highest test-retest overlap, and Supporting Information Figure S2 illustrates that the functional organization of M1 does not change drastically whether we look for three, four, five, or six parcels (all of which showed a high level of agreement between the two sessions), suggesting that the general organization of M1 is not driven by our choice of k.
TD versus ASD M1 parcellation-For the estimated k of 5, TD and ASD parcels were compared based on spatial overlap as defined by Dice's coefficient and differences in size (the volume of each parcel). The statistical significance of the observed group differences in these spatial patterns was assessed using a permutation procedure. Distributions of these spatial patterns were generated according to the null hypothesis of no difference between groups by randomly permuting diagnostic labels for the 32 ASD and the 33 TD participants balanced according to age, gender, handedness, SES, and PRI. We calculated consensus matrices for the permuted groups, performed spectral clustering on the consensus matrices to identify cluster solutions for the estimated k, and repeated this procedure 10,000 times. The numbering of permuted group clustering solutions was matched across iterations by maximizing the average Dice's coefficient between all parcels, after which spatial overlap and size differences between corresponding parcels from each random group were calculated. For the spatial overlaps of correctly labeled TD and ASD parcels to be considered statistically significant, they had to fall above the 95th percentile of the relevant empirical null distribution, equivalent to a onesided test; parcel size differences had to fall above the 97.5th percentile, equivalent to a two-sided test.
M1 parcellation in younger and older TD children-To investigate the effect of age on M1 organization in children, TD children were divided into two groups: 8-to 9-year olds (n = 22, 17 males) and 11-to 12-year olds (n = 19, 14 males). Children between 10.0 and 10.9 years of age were excluded to establish a distinct gap between the two groups. Consensus matrices were calculated for each age group, and spectral clustering was applied to the consensus matrices for the previously determined optimal k to yield M1 organization maps for each TD age group.
Results
M1 Parcellation in Adults
The optimal number of functional parcels for M1 was estimated to be 5, which was the nontrivial (k > 2) clustering solution that resulted in the highest Dice's coefficient between clustering solutions for the two imaging sessions ( Fig. 2A) . Figure 2B ,C illustrates the functional segregation of M1 using the estimated k for each imaging session. To facilitate discussion, parcels were assigned names based on their location within M1: dorsomedial (DM, yellow areas), dorsolateral (DL, red areas), anterior lateral (AL, cyan areas), posterior lateral (PL, green areas), and ventrolateral (VL, blue areas). Two salient features of the estimated M1 parcellation were observed: (1) the overall dorsomedial to ventrolateral organization and (2) the inter-hemispheric connectivity present within each parcel that emerged without imposing a spatial constraint on the clustering algorithm. An animation showing a 360° rotation of the functional segregation of M1 using the estimated k for each imaging session is included in the Supporting Information Video 1. A comparison of Figure  2 with Supporting Information Figure S1 demonstrates that similar organization is estimated within M1 regardless of the similarity measure used, and Supporting Information Figure S2 illustrates that the functional organization of M1 does not change drastically whether we look for three, four, five, or six parcels, suggesting that the general organization of M1 is also not driven by our choice of k. Figure 3A ,B illustrates the parcellation of M1 using k = 5 for our TD and ASD groups, respectively, and an animation showing a 360° rotation of the functional segregation of M1 using k = 5 for both groups is included in the Supporting Information Video 2. Figure 3C ,D summarizes the results of the permutation procedure. Among the five parcels, we observed significant spatial differences between groups in three. The dorsomedial-most parcel (DM) was significantly larger (+10.6 cm 3 , P = 0.05) in the ASD group than in the TD group (Fig.  3C) . No other significant differences in size were observed; however, spatial overlaps of the two parcels closest to the hand knob of M1 [Yousry et al., 1997] , the DL and AL parcels, were worse between groups than predicted by permutation (Fig. 3D) . These discrepancies in the functional segregation of M1 emerged despite matching parcels across groups by maximizing the average spatial similarity of all parcels.
TD Versus ASD M1 Parcellation
M1 Parcellation in Younger and Older TD Children
Because we observed significant differences between M1 organization in our TD and ASD groups, we explored the possibility that the observed differences might reflect a developmental delay. To this end, we divided our larger pool of TD within the age range of our ASD participants into two age groups: young (8-9) and old (11-12). Figure 4A ,B demonstrates the parcellation of M1 for TD age subgroups within the age range of our ASD group. Qualitatively, M1 organization in the younger TD group (Fig 4A) was similar to M1 organization in the ASD group (Fig 4C) in that the DM parcel appeared to be more extensive compared with the DM parcel in the older TD group (Fig 4B) and in adults ( Fig  4D) .
Discussion
The aim of this study was to compare the functional organization of primary motor cortex in children with ASD and TD children by partitioning M1 using resting-state FC data. Our voxel-wise clustering approach allowed distinctions between M1 subregions to emerge from the data without the imposition of a priori restrictions on the partitioning, beyond the initial selection of the precentral gyrus ROI. The number of clusters (i.e., five) for the two groups was estimated using test-retest data from a sample of healthy adults by finding the number of clusters that produced the highest set agreement between clusters for the two imaging sessions. Within adults and both groups of children, clustering M1 into five parcels revealed a dorsomedial to ventrolateral organization (Figs. 2B,C and 3A,B), which extended across both hemispheres in a fairly symmetrical manner. The clusters corresponded to the gross organization of the motor homunculus with the DM cluster representing the legs/trunk and the ventrolateral-most (VL) cluster representing oro-facial function. Although this gross organizational scheme was present in both groups of children, significant differences in the size and segregation of the parcels between pediatric groups suggest that basic motor representations may be altered in ASD children. Specifically, the DM cluster was larger in children with ASD (yellow area, Fig. 3B ) and encompassed much of the space occupied by the adjacent dorsolateral (DL) cluster in TD children (red area, Fig. 3A) , whereas the DL and AL clusters showed significant differences in overlap between the two groups. These differences may suggest that leg/trunk and upper limb/hand representations are less distinct in ASD children, and this anomalous organization may be associated with many of the fine and gross motor deficits observed in children with autism.
Typical M1 Organization
Before examining functional organization differences between TD and ASD children, we needed to establish that the boundaries of the M1 parcels we identified were not arbitrary and in fact reflect functional subdivisions of M1. One method for determining the functional relevance of these parcels would be to collect fMRI data from the same participants while asking them to move various body parts; however, it would be difficult to evoke activity in the motor cortex without coactivating primary somato-sensory cortex [Mayka et al., 2006] , and asking participants to move proximal body parts without moving their heads is a challenging task even in adults. In the absence of such task activation data, several salient features of the M1 parcels identified in this study lend credibility to their segregation and help to shed light on their potential relevance.
Penfield's pioneering cortical stimulation work demonstrated that motor regions along the precentral gyrus are organized in a somatotopic fashion; regions that control our feet are systematically distinct from regions that control our fingers or other body parts [Penfield and Boldrey, 1937; Penfield and Rasmussen, 1950; Rasmussen, 1977] . Numerous taskdependent neuroimaging experiments have affirmed the results of Penfield; although some degree of overlap exists among body part representations, the localization of activity within the M1 evoked by a motor task is reflective of the body part involved in the task [Grafton et al., 1991; Meier et al., 2008; Newton et al., 2008] , with the ventrolateral-most region being reserved for oro-motor function and the dorsomedial-most region subserving control of the feet.
Consistent with this motor homunculus, we observed that M1 was organized in a generally dorsomedial to ventrolateral fashion in all groups, suggesting that the VL parcels (blue in Figs. 2-4) represent M1 resources dedicated to controlling the vocal cords, whereas the DM parcels represent M1 resources recruited by the lower limbs/trunk (yellow in Figs. 2-4) . The posterior lateral (PL) parcel (green), with a center of mass (COM) in each hemisphere 52 mm from the midline in adults, covered previously reported activation foci for tongue movements [Alkadhi et al., 2002; Grabski et al., 2011] . In addition, the DL parcel (red in Fig. 2) , with a COM in each hemisphere 32 mm from the midline in adults, encompassed previously reported peaks of activation evoked by hand movements [Alkadhi et al., 2002; Plow et al., 2010] ; however, the cortical territory of the remaining AL parcel (cyan in Fig. 2 ) also contained reported activation evoked by hand movements . A few reports in both the macaque [Strick and Preston, 1982] and human [Geyer et al., 1996; Kawashima et al., 1995; Meier et al., 2008] neuroimaging literature show that the arm and hand are doubly represented in M1. Furthermore, analysis of cytoarchitecture and distributions of transmitter binding sites have revealed an anterior-posterior division within M1, with the hand being represented in each [Geyer et al., 1996] ; similar to the orientation of our DL and AL parcels, the posterior division was located medially to the more lateral anterior division.
In addition to their dorsomedial to ventrolateral organization, all of our M1 parcels turned out to be bilateral. No spatial constraint was incorporated into our clustering algorithm, and this within-parcel symmetry across brain hemispheres emerged despite the exclusion of M1 from our calculation of the FC similarity between voxels. This symmetry is consistent with previously reported findings of strong interhemispheric FC within the motor control network [Barber et al., 2012; Biswal et al., 1995] but also suggests that in TD children and adults, the right hand is more functionally connected with the left hand than it is with the right foot. Similarly, van den Heuvel and Hulsh-off Pol [2010] observed that spontaneous resting-state fMRI signals from seed regions within M1 were most strongly correlated with the time series of subregions in the contralateral motor cortex that had a near-mirror spatial orientation with respect to the selected seeds. Because the method used to partition M1 in this study was based on the similarity of whole-brain FC maps excluding other M1 voxels, the observed interhemispheric connectivity within parcels suggests the presence of functionally linked interhemispheric subnetworks within the motor control network. Several anatomic tracing studies have shown that the specific motor subregions of the right and left hemispheres are one-to-one structurally connected by cortico-cortical white matter pathways [Doron and Gazzaniga, 2008; Schmahmann and Pandya, 2007; Wahl et al., 2007] . However, whether these structural and functional interhe-mispheric connections between components of the motor control network are inhibitory [Garvey et al., 2005] or facilitatory [Meister et al., 2010] remains unclear.
TD Versus ASD M1 Organization
Pruning of local cortical connections has been implicated in the establishment of functional specialization [Fair et al., 2007; Schroeder and Lakatos, 2009] . The enlarged size of the dorsal-most M1 parcel (yellow area, Fig. 3B ) suggests that in children with ASD, the functional segregation of the upper and lower limbs is reduced compared with TD children. In other words, control of the right hand is less distinct from control of the right foot in ASD, which is consistent with the theory that autism may be characterized by increased local (within hemisphere) connectivity, possibly at the expense of long-range connectivity [Belmonte et al., 2004; Courchesne, 2004] .
The continuity of the enlarged dorsal-most parcel across hemispheres in ASD also suggests that the right hand is less functionally distinct from the left foot compared with TD children. Houzel and Milelret proposed that the ability of callosal axons from a single area in one hemisphere to terminate on target neurons in the contralateral hemi-sphere provides a potential mechanism for the grouping of individual neurons into functionally coherent assemblies [Houzel and Milleret, 1999] . Evidence of reduced corpus callosum size [Casanova et al., 2009] , in conjunction with smaller cortical minicolumns in patients with ASD [Casanova et al., 2002 [Casanova et al., , 2006 , suggests that each callosal terminal should contact more minicolumns in the brains of individuals with ASD compared with neurotypical controls. This potential in ASD for greater divergence of callosal information between hemispheres, as well as increased connectivity within hemispheres, could contribute to the reduced functional separation we observed between the dorsomedial and dorsolateral regions of M1 in children with ASD compared with TD children.
Behaviorally, reduced functional segregation of the hands and feet in M1 is consistent with the findings of Esposito and Venuti [2008] who reported in a recent retrospective study that some of the largest abnormalities observed in the walking patterns of children who were later diagnosed with ASD were in the way that they used their arms. In addition, Jansiewicz et al. reported a range of motor problems in children with ASD, including excessive overflow movements , and these unintentional and unnecessary movements that accompany voluntary activity may reflect delayed motor development [Cole, 2008] . Examination of the correlation between individual variability in FC within the dorsal region of M1 and behavioral measures of motor function (e.g., overflow) may help to illuminate the behavioral relevance of the convergence of the DM and DL parcels in children with ASD.
In addition to observing less functional segregation in the dorsal-most region of M1 in children with ASD, we also observed functional segregation differences between groups in the "middle region" of M1 between the dorsal and ventral extremes. This "middle region," which included the anterior bank of the central sulcus, was partitioned into two parcels, AL and PL, in the TD group (Fig. 3A) . In the ASD group, this region was partitioned into three parcels (Fig. 3B) , which resulted in significant differences in the overlap of two of the three parcels between groups (Fig. 3D) . We cannot rule out the possibility that the increased number of functional partitions in this area may be an artifact of our decision to look for five parcels in both groups. However, this seems unlikely as the four remaining parcels did not appear to be affected equally by the enlarged size of the DM parcel in the ASD group. The size and shape of the VL parcel appeared to be similar across groups, and significant differences in parcel overlap were only found in this "middle region."
Evidence from animal studies suggest that this "middle region" of M1 may contribute to dexterity; retrograde tracing in rhesus monkeys identified the anterior bank of the central sulcus as a subdivision of M1 with direct access to an intermingling of motoneurons innervating shoulder, elbow, and finger muscles [Rathelot and Strick, 2009] . This direct connection between the cortex and motoneurons may be critical to manual dexterity [Rathelot and Strick, 2009] by enabling M1 to generate novel patterns of muscle activity on the fly and outside of the constraints imposed by the intrinsic circuitry of the spinal cord. In addition, the overlap of elbow and shoulder cortico-motoneuronal (CM) cells with finger CM cells suggests that this subregion of M1 may be responsible for generating muscle synergies for multijoint as well as single-joint movements of the arm/hand [Cheney and Fetz, 1985; McKiernan et al., 2000] .
That we observed atypical functional segregation in an area implicated in the coordination of muscle groups suggests that children with ASD may experience difficulty generating complex muscle synergies necessary to perform highly skilled movements. In fact, children with ASD exhibit impairments when asked to imitate or pantomime complex motor gestures Mostofsky et al., 2006] . Children with ASD also demonstrate impairments in letter formation during writing, a highly skilled motor behavior, and motor performance has been shown to correlate with overall handwriting quality in ASD children, suggesting that general difficulties with motor control contribute to poor handwriting [Fuentes et al., 2009] . Again, investigation of the correlation between FC within this region and performance of skilled movements in individual participants could shed light on the functional relevance of these organizational differences.
Delayed Development
This study found that the organization of the primary motor cortex is atypical in children with ASD compared with TD children. We speculated that these M1 organization differences, with a lack of differentiation between lower limb/trunk regions and upper limb/ hand regions, may be due, at least in part, to a delay in functional specialization within the motor cortex. In several resting-state networks, correlated neural ensembles appear to develop locally first, with distributed networks arising in adolescence or early adulthood [Fair et al., 2009] , suggesting a neurodevelopmental mechanism of overconnectivity followed by pruning or weakening of short-range functional connections. Although caution is required when making inferences about developmental processes from cross-sectional data, qualitative comparison of M1 organization in the ASD group with that of younger and older TD children suggested that M1 organization in 8-to 12-year-old children with ASD more closely resembled that of 8-to 9-year-old TD children (Fig. 4A) than it did 11-to 12-year-old TD children (Fig. 4B) . In particular, ASD children show little distinction between the DM cluster representing the legs and trunk and the adjacent DL region, which likely represents the arms and hands. Similarly, younger, 8-to 9-year-old TD children appeared to have less distinct representations of these two adjacent dorsal regions compared with older TD children. These qualitative findings are consistent with behavioral evidence that motor impairments are due to a developmental delay in autism [Gidley-Larson and Mostofsky, 2006] ; however, it is not known how this developmental delay impacts functional relationships with other brain regions or whether atypical M1 organization resolves itself in adulthood. Although these qualitative comparisons between children with ASD and different age groups of TD children are potentially developmentally interesting, more rigorous statistical examination of the influence of age on M1 functional organization is necessary to validate this observation. Further examination is also needed to determine whether anomalous M1 organization persists in adults with ASD.
Abnormal FC within the subnetworks of the motor control system may lead not only to basic motor impairments but also to anomalous formation of spatial and motor representations of skilled movements and which could then contribute to difficulties with acquisition and performance of complex, skilled gestures. Gestures are tightly linked to communication [Iverson and Fagan, 2004] and early motor experiences have been shown to influence the emergence of social behaviors [Libertus and Needham, 2011] , suggesting that the altered functional organization of M1 we observed in children with ASD may affect not only basic motor skills but also social and communicative behavior. Motor control develops relatively early, and the motor control network can be identified in the brain by 6 months of age [Dubois et al., 2009] . The early establishment of altered motor representations in ASD may set the stage for altered representations of motor commands and/or later developing motor skills. The clustering method used in this study relied on the connectivity patterns of voxels within M1 to all other voxels outside of M1; thus, the functionally homologous M1 parcels identified in this study reflect not only relationships between basic motor regions (excluding primary motor cortex) but also relationships with more associative regions critical to skill learning and goal-directed behavior. Further research is necessary to determine whether this altered M1 connectivity may be due to the early development of atypical motor representations or to other factors influencing network development in ASD.
Limitations
Several important limitations of this study exist. Despite their utility, clustering analyses are subject to the same fundamental limitation as other model-free approaches, specifically parameter estimation. Because of the lack of a priori knowledge concerning the "true" number of clusters in M1, the current study used test-retest data collected from healthy adults to estimate the optimal number of functional partitions for M1. There was a lot of uncertainty in our estimate of the number of partitions. Despite this uncertainty, using five clusters resulted in qualitatively similar M1 organization in TD children compared with our adult validation group. We believe in the use of highly reliable test-retest adult data for parameter estimation because neurotypical adults represent the end result of development.
Another limitation of this study is that resting-state fMRI does not provide information about the directionality of functional connections. Not knowing whether functional connections are feedforward (ascending) or feedback (descending) should not affect clustering per se, but it does make it difficult to interpret of the observed differences in the functional organization of M1. M1 parcels at the participant level are considerably noisier than at the group level. By using a two-stage consensus clustering approach, we attempted to minimize the effect of spurious intragroup variation on our estimates of M1 organization, which made it easier to compare M1 parcels across groups, and the resulting parcels were reliable across imaging sessions. However, not all intragroup variability is spurious, and examination of the influence of nonspurious variation in parcel shape and connectivity on behavioral measures of both motor performance and ASD severity could potentially help to explain the clinical relevance of the observed group differences. Before we can accurately examine these potential brainbehavior associations, we must first improve our estimates of M1 organization at the participant level, which is a primary goal of future work.
The clinical presentation of ASD is highly heterogeneous, and it has been previously suggested that there might be more variability in ASD samples regarding the localization of functional brain regions [Muller et al., 2004] . We attempted to minimize the influence of this heterogeneity on our results in three ways: (1) by limiting our sample to highfunctioning children in a fairly restricted age range, (2) by closely balancing the demographic characteristics of our two pediatric groups, and (3) by using a two-stage consensus clustering approach to produce group clusters that were robust to individual variation. Nevertheless, it is unclear how much intragroup variability contributed to the observed differences in M1 functional segregation. It is also unclear whether the observed group differences in M1 functional organization are specific to ASD or are common to other neurodevelopmental conditions involving motor disturbances. Although the influence of interindividual variability on the functional segregation of M1 is of considerable interest, it is beyond the scope of this exploratory study. As we continue to collect data and build upon the methods reported here, we will be able to explore the reproducibility of these findings in independent samples of children with ASD as well as their specificity and clinical relevance.
Conclusion
Despite these limitations, this research utilized an innovative methodological approach to explore functional organization differences within the motor cortex in children with ASD compared with TD children. Clustering techniques applied to resting-state FC data have been shown to be effective at localizing functionally relevant subdivisions of anatomically defined regions [Cohen et al., 2008; Kelly et al., 2010; Kim et al., 2010; van den Heuvel et al., 2008] but have most commonly been applied to investigations of normal brain function. The present results extend these findings in two regards. First, we generated what we believe to be functionally relevant partitions in M1 based solely on the patterns of connectivity between individual M1 voxels and all other voxels outside of M1, and secondly, we devised a simple method for matching these partitions across groups of participants and testing group differences. In so doing, we were able to identify differences in the size and segregation of M1 parcels in children with ASD compared with TD children, suggesting that the functional subnetworks of the motor control system may be altered in autism.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Flowchart of the analysis stream. All participant-level processing steps are outlined, and the segmentation of the precentral gyrus used as our initial ROI is illustrated. The procedure through which data from individual participants were combined to produce group-level parcellation maps is also described (steps in filled black boxes). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Selection of the optimal number of M1 clusters, k. (A) For each value of k, the similarity of clustering solutions generated from test-retest resting-state scans collected from 20 neurotypical adults was assessed using Dice's coefficient (dashed black line). A jack knife procedure was used to estimate the variance (solid black line). Dice coefficients closer to 1 indicate better consistency between solutions computed for each scanning session. (B) 3D illustration of clustering results using the optimal number of clusters (k = 5) for session 1 and (C) session 2. Cluster labels were assigned based on location within M1. DM, dorsomedial; DL, dorsolateral; AL, anterior lateral; PL, posterior lateral; VL, ventrolateral. TD versus ASD M1 organization. (A) Illustration of cluster solution using k = 5 for typically developing (TD) children and (B) children with autism (ASD). Panels (C) and (D) report on the results of permutation testing. The histograms illustrate the distribution of (C) volume differences (in cm 3 ) and (D) overlaps as measured by Dice's coefficient when diagnostic labels were randomly assigned. The color of each histogram reflects the color of the corresponding parcel in panels (A) and (B). The dashed, vertical lines indicate (C) the observed size differences and (D) overlaps between correctly labeled TD and ASD parcels. In (C), a positive value indicates that the TD parcel was larger than the corresponding ASD parcel; a negative value indicates that the TD parcel was smaller than the ASD parcel. In (D), a Dice coefficient closer to 1 indicates greater overlap between groups. DM, dorsomedial; DL, dorsolateral; AL, anterior lateral; PL, posterior lateral; VL, ventrolateral. M1 parcellation in younger and older TD children. (A) Illustration of M1 parcellation in 8-to 9-year-old typically developing (TD) children and (B) in 11-to 12-year-old TD children compared with (C) children with autism (ASD) and (D) neurotypical adults. Table I Demographic information for participants with autism (ASD) and typically developing (TD) children SES, socioeconomic status; ADOS, Autism Diagnostic Observation Schedule; PRI, Perceptual Reasoning Index.
